Proliferative kidney disease (PKD) is caused by the infection of susceptible salmonid fish with spores of the myxozoan Tetracapsula bryosalmonae, a parasite harboured and released by several species of bryozoans. Under natural conditions, PKD is a water-borne infection of fish, whose outcome and spatio-temporal dissemination depend on the viability of spores present in the water. In order to evaluate the duration of parasite infectivity, juvenile rainbow trout, Oncorhynchus mykiss, were exposed for 20 h to T. bryosalmonae-infected water at various times post-water collection or after different filtration procedures. When infected water was held in a temperature range of 14.5-17°C for up to 14 days, PKD was transmitted to the fish only between 0 and 12 h post-water collection and its infectivity vanished between 12 and 24 h. Similarly, the infectivity of water passed through 25 lm but not through 1 lm mesh filters, and was lost in the material eluted from the 1 lm filtration membrane although the parasite's DNA was amplified from this material. The parasitic infectivity in water appears to be fragile and this may offer opportunities to decrease the impact of PKD in trout farms by the implementation of management procedures aimed at reducing the number of the bryozoan-holding surfaces located in the river, immediately upstream from these farms.
Introduction
Proliferative kidney disease (PKD) (Ferguson & Needham 1978) of salmonids is a parasitic disease characterized by the hyperplasia of their principal lymphoid tissues in response to infection with Tetracapsula bryosalmonae, a myxozoan which can also parasitize several species of bryozoans (Canning, Curry, Feist, Longshaw & Okamura 1999 , 2000 . PKD is thus a complex entity which encompasses three protagonists (bryozoan, T. bryosalmonae and fish), each of them under the influence of both endogenous and exogenous factors. The complexity of PKD has been pointed out in two reviews (Clifton-Hadley, Bucke & Richards 1984; Hedrick, MacConnell & de Kinkelin 1993) presented before the role of bryozoans as source of the parasite for fish was established Feist, Longshaw, Canning & Okamura 2001) . The success of PKD transmission requires the encounter of at least one viable spore of T. bryosalmonae released from a bryozoan with a susceptible fish, under environmental conditions enabling the multiplication of the parasite. It is thus logical to think that the spatial dissemination of the parasite and hence, of the disease, depends upon the duration of the viability of its infective stage, the spore, in the aquatic environment. Until now, this critical point has not been documented although it contributes to the design of control measures for PKD in fish farming.
For this reason, the objective of this study was to evaluate the persistence of infectivity for fish of T. bryosalmonae spores through a series of infection trials conducted with T. bryosalmonae-infected water.
Materials and methods

Tetracapsula bryosalmonae-infected water
The infected water originated from the principal recycled water system (PRWS) of the fish experimental facilities (FIF) of Institut National de la Recherche Agronomique (INRA) in Jouy-en-Josas, France, which harbours the infectious stages of the parasite throughout the year (Gay, Okamura & de Kinkelin 2001) . This unit has been used in several experiments to identify the infective stages and the alternate host of the agent of the PKD (Hedrick, Monge & de Kinkelin 1992; de Kinkelin & Morris, unpublished) . Briefly, the specifications of the PRWS are: total water content 180 m 3 , water flow 60 m 3 h À1 , holding facilities for fish in seven raceways totalling 35 m 3 , daily input of dechlorinated city water 0.5% of total volume. The characteristics of fresh and recycled waters used are given in Table 1 . In the past, the PRWS has harboured several species of fish, mainly salmonids, originating from various geographic areas, for different periods of time. This has resulted in the presence of pathogens such as Aeromonas salmonicida, Ichthyophthirius multifiliis and Flavobacterium psychrophilum, in carrier fish held in the water system. Such pathogens are often encountered in fish farms and their existence in the PRWS water meant that specific preventive treatments were needed during infection trials with T. bryosalmonae-infected waters.
Fish
The rainbow trout Oncorhynchus mykiss (Walbaum), used in the experiments came from stocks with no history of PKD. They were from the rainbow trout strain designated 'Synthétique', developed by INRA. The fish used in the first and third series of experiments came from spawnings in November 1998 and those from the second series of experiments from spawnings in November 1999. All the trout were reared in ultraviolet-irradiated, dechlorinated recycled city water at 10-12°C, in the specific pathogen free area of the FIF. The fish were fed a dry pelleted ration once daily at 1% of their body weight.
Experimental design
The viability of the infectivity of T. bryosalmonae spores in the water after various periods of time or filtration treatments was assessed in two phases: in the first phase fish were exposed to putatively infected material, and in the second phase, the progress of infection in trout at a water temperature ‡16°C was monitored.
In the first series of experiments (Table 2) , 100 L of water from the PRWS was filtered through a 500-lm mesh grid of a USA standard testing sieve (Fisher Scientific Company, NY, USA) and stored for 14 days in a polyethylene tank (Manutan, Gonesse, France), 705 mm · 510 mm · 515 mm (internal dimensions). This tank was placed in the dark under aeration at a temperature range of 14.5-17°C. Immediately after water filtration (day 0), and on days 7 and 14, groups of juvenile rainbow trout were held for 20 h in the T. bryosalmonae-infected water. These fish were then transferred to 12 L aquaria supplied with aerated flow-through dechlorinated city water at 16°C. The fish were fed daily and monitored for possible health impairment over 8 weeks. They were then killed by immersion in an 1/2500 aqueous solution of 2-phenoxyethanol (Prolabo, Paris, France) and examined for PKD infection on the basis of nephromegaly scored according to Clifton-Hadley et al. (1984) and splenomegaly, and for the presence of parasitic cells in kidney tissue imprints stained with May-Grünwald Giemsa, microscopically observed at ·200. In a second series of experiments (Table 3) , 250 L of water from the PRWS was filtered through 500 lm as in the first series and stored in the dark for 72 h under aeration at 16-17°C, in a food grade polypropylene holding tank (Manutan) 930 mm · 930 mm wide · 515 mm. At 0, 10, 24, 48 and 72 h post-filtration, 50 L of water from this tank was transferred to smaller polyethylene tanks (500 mm · 320 mm · 410 mm), in which juvenile trout were kept under the same conditions as those of the original holding tank for 20 h. After their exposure to the parasite, the different groups of fish were transferred to 12 L flow-through aquaria and were checked for PKD using the same techniques as for the fish from the first experimental series. An additional group of 30 fish, kept for 20 h in static dechlorinated city water under the same conditions as the other groups, was used as a negative control.
In the third series of experiments (Table 4) , an attempt was to isolate the spores of the parasite from the contaminated water in order to study their viability. The day after the first series of trials was commenced, a volume of 170 L of water from the PRWS was collected and passed through successive sieves with meshes of 500, 250, 100 and 50 lm, respectively. Fifty litres was transferred to a polyethylene tank 500 mm long · 320 mm during filtration. A third volume of 50 L was thus collected and stored as described above. Elution from the capsule-retained material was conducted using a phosphate buffer according to the manufacturer's instructions, but without the addition of sodium dodecyl sulphate in order to maintain parasite viability, and the eluted material was transferred to an aquarium at 16°C at a final volume of 12 L of city water. The infection trials with trout were then performed by placing groups of 40 fish for 20 h under aerated static conditions in each of the treated volumes of water and eluted materials. The fish were finally transferred to flow-through aquaria at 16°C to complete the observation phase as in the other experiments. The trials conducted with the water filtrates and material eluted from the 25 lm filter was used to check the possible infectivity of the material recovered from the Envirochek TM capsule. Because no spores could be observed microscopically in the Envirochek TM -eluted material, the presence of other parasitic components was checked by polymerase chain reaction (PCR). The DNA extraction was performed using ChelexÒ 100 (Walsh, Metzger & Higuchi 1991) with approximately 10 mg of pellets of spun material eluted from the capsule. Because no amplification was achieved from PCR alone in preliminary assays, a nested PCR was performed using previously designed primers (Saulnier & de Kinkelin 1997) . These primers were: forward PKX601 (5¢-GCTCGTAGTCGGACGGTTCCAC-3¢), reverse PKX1458 (5¢-TATCGGATTACTTCCTACGC-3¢) in the first round of amplification and in the second round, forward PKX727 (GTTGTGGA-CAAACGCAAGCTCC) and reverse PKX1032 (CGCTCCTCCAACTTTCGTC-3¢). The specificity of the PCR was verified by cloning and sequencing the amplified product (Gay et al. 2001) .
Preventive control of secondary infection agents
As in previous infection trials with PKD (Gay et al. 2001) , preventive treatments against secondary infections were carried out after exposure of fish to T. bryosalmonae-contaminated PRWS water, using baths of 1/6000 formalin to control external protozoans, 10 mg L À1 quinine (Schmahl, Schmidt & Ritter 1996) for the control of ichthyophthiriosis, and with florfenicol-supplemented food for 10 days for the control of furunculosis (Nuflor Ò Schering-Plough, Shanghai Pharmaceutical Company, Shanghai, China).
Results
In the first series of trials in which weekly exposures of the fish to T. bryosalmonae-infected water were completed from days 0-14, only those fish from the group exposed on day 0 developed PKD and/or the parasitic infection (Table 2 ). Fifteen out of 40 fish tested positive for the parasite in stained kidney tissue imprints, and 14 of them displayed nephromegaly scoring £2.
In the second series of trials, the transmission of the parasite to fish occurred only in trout from the groups exposed to T. bryosalmonae-infected water at 0 and 10 h post-filtration and storage (Table 3) . Three and two fish tested positive for parasites in kidney tissue imprints in the 0 and 10 h groups, respectively, whereas one of the parasite-positive trout from the 10 h group, developed a score 1 nephromegaly. In this group, six individuals died because of cannibalism. None of the fish from any other groups were infected by T. bryosalmonae.
Tetracapsula bryosalmonae was not transmitted to the fish exposed to the material eluted from the Envirochek TM capsule (Table 4 ) in a 50-L volume, although the trials completed with the 50 and 25 lm filtrates of the same volume of water resulted in the infection of five and three out of 40 fish, respectively, showing the parasite infectivity did exist in the water prior to the filtration and elution steps. No infection resulted from the two other trials.
However, nested PCR was positive with 1/10 and 1/100 dilutions of the DNA matrix extracted from the ChelexÒ 100-treated material, eluted from the Envirochek TM capsule (Fig. 1) . This demonstrated the presence of parasitic components which had lost any infectivity for fish, amongst the material trapped by the Envirochek TM capsule.
Discussion
This is the first study relevant to the persistence of water-borne infectivity of T. bryosalmonae for fish. The experimental results provide evidence that the parasitic infectivity does not exceed 24 h under temperature and water quality conditions which are common in field situations. Thus, the water-borne parasitic stages appear to be rather labile. Similarly, this infectivity was not retained after elution of the parasites captured on the Envirochek capsule. This suggests that the infectivity of T. bryosalmonaeinfected water and consequently that of the spore, seems to be fragile. Such a short lifetime of the parasite infectivity is consistent with the ultrastructural data obtained on Tetracapsula spores (Anderson, Canning & Okamura 1999; Canning et al. 2000) . These studies showed that, in contrast with what is known for most myxozoans, the Tetracapsula spore wall is made of a very thin and fragile layer of cells.
In the first series of trials, the same water was used for exposure of the three groups of fish. It could be that all the spores from this water entered the fish on day 0, resulting in the failure of subsequent infections. For this reason, the second series of trials were conducted in separate 50 L aliquots of infected water per group of fish. Moreover, the vigorous aeration provided by air stones placed in the bottom of the tank, prevented the suspended elements, including spores, from settling. Given the time required for the water sampling and filtration, the persistence of infectivity derived from our experimental results is overestimated by 2 h. This trial therefore substantiates the results of the first trial that infectivity of the water-borne parasite is lost between 12 and 24 h. The relative fragility of the infectivity for fish of the waterborne stage of T. bryosalmonae is in agreement with that determined for the triactinomyxon stage of Myxobolus cerebralis, which persists less than 72 h at water temperatures from 19 to 20°C (Markiw 1992a) .
The approach chosen to evaluate the duration of parasite infectivity by using infective water was dictated by the fact that it has not been possible to make enriched preparations of viable spores. Besides the attempt reported here at recovering spores with Envirochek TM , spores could also not be recovered either by mincing hundreds of PCR positive-testing, zoid-bearing colonies of Fredericella sultana or by holding such colonies on a plastic grid assembled with a funnel (unpublished data). This failure in gathering spores is in accordance with the difficulties previously encountered in ascertaining the presence of the parasite in infected bryozoan colonies by microscopy, insofar as nothing is known about the timing of developmental stages in bryozoans (Gay et al. 2001) . This emphasizes the need for the development of a 'parasite factory', a bryozoan culture system which could provide fresh spores for multipurpose investigations on PKD.
Although the release of the spores harboured in a given volume of tested water was not synchronous, a reliable evaluation of the persistence of their infectivity was obtained. Indeed, the longest persistence found corresponds to spores or infective stages which must have been released by 1 2 3 4 5 6 7 8 Figure 1 Electrophoresis on agarose gel of nested polymerase chain reaction (PCR) amplified products from material eluted from the EnvirochekÔ capsule after filtration of 50 L of Tetracapsula bryosalmonae-infected water: lanes 2-4: tenfold step dilutions of the amplified product (arrows) from 1/1 to 1/100; lane 5: positive control on a sample of kidney from infected rainbow trout (arrow head); lane 6: negative control on distilled water; lanes 1 & 7: molecular weight marker pBR322 AluI; lane 8: not used. 2002, 25, [477] [478] [479] [480] [481] [482] bryozoans shortly before the infection trial with fish was run. Taking into account the operation of the PRWS (Gay et al. 2001) , the existence of a lag phase after the spore is released by bryozoans is unlikely. In contrast, under field conditions, the spores do not necessarily enter running water immediately after leaving their bryozoan host. As an example, F. sultana colonies are located inside thick clusters of the aquatic plant Fontinalis antipyretica and are often in the vicinity of its roots. The parasitic spores must then gain access to downstream areas by passing through the vegetal barrier, a time-consuming step which probably reduces their effective infectivity and consequently, the possibility and progress of infection in fish. With the triactinomyxon stage of M. cerebralis, the severity and fate of infection in fish were shown to be dose-dependent (Markiw 1992b) .
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Our results then suggest strategies to limit the impact of PKD on farmed fish populations at risk by management procedures aiming at reducing the bryozoan habitats such as submerged vegetation, large woody debris and various bryozoan-colonized substrates, for some hundreds of metres in channels located immediately upstream of a given farm.
In summary, the infectivity for fish of waterborne T. bryosalmonae stages is rather short, and this property could be used in designing management strategies to reduce the impact of PKD at the fish farm level.
